in situations when emotionally coloured language is used in relation to issues associated with a large degree of risk (ESRC Global Environmental Change Programme, 2000; May, 2001) . In general terms, however, there are two types of uncertainty that can be recognized: ambiguity and vagueness. Ambiguity is, essentially, the problem of making a choice between two or more alternatives, whereas vagueness is associated with making sharp or precise distinctions.
Both vagueness and ambiguity present major problems for GI science. Consequently, there has been considerable research on the topic. Concern has principally focused on measuring, representing and reducing uncertainty as well as identifying sources of uncertainty and their propagation through analyses, especially those undertaken within a GI system (e.g., Jager et al., 2000; Kiiveri et al., 2001) . For example, recent work on uncertainty includes that of Zhang and Stuart (2001) on the representation of uncertainty that is inherent in the classification of continuously varying phenomena, the modelling and propagation of uncertainty with regard to continuous soil properties by Goovaerts (2001) , the investigation by Gahegan and Ehlers (2000) into the propagation of uncertainty in an integrated GI system and Crosetto and Tarantola's (2001) study of the propagation of uncertainty from model inputs to model outputs and the assessment of the relative importance of sources of uncertainty in the model outputs. While most work has addressed issues connected with ambiguity, recent work has also focused explicitly on problems associated with vagueness. This includes studies in which a central issue has been the imprecision associated with indeterminate cases, such as geodemographic applications focused on retail site assessment (Duckham et al., 2001) or the location of class boundaries, which are susceptible to problems linked to sorites paradox.
It is apparent that much contemporary research explicitly highlights uncertainty as an important issue. This is evident across a broad range of geographically related research. For example, uncertainty has been shown to be considerable and important in numerous studies of the physical environment. These have included studies on stream modification (Johnson and Brown, 2001 ), water quality (Gurian et al., 2001) , forestry modelling (Eid, 2001; Eid and Tuhus, 2001) , scaling of ecological knowledge (Loreau et al., 2001) , assessing the impacts of greenhouse warming on the strength and magnitude of ENSO events (Tudhope et al., 2001) and in the analysis of remotely sensed data (Miura et al., 2000; de Groeve and Lowell, 2001; Carmel et al., 2001) . Focusing on climate change there are, for example, many sources of uncertainty associated with the links between the terrestrial biosphere and the atmosphere that add to the inherent uncertainty of predictions of future climate (Pittock and Jones, 2000; Allen et al., 2000) and estimating the potential of carbon mitigation strategies (de Jong, 2001; Royal Society, 2001) . For example, the magnitude of the global methane sink has been markedly reassessed (Smith et al., 2000) , biomass estimates of Amazonian forests differ by a factor of more than two (Houghton et al., 2001) , poorly understood processes are associated with large uncertainties (Clein et al., 2000; Winiwarter and Rypdal, 2001 ) and the outputs of environmental models can be highly sensitive to their parameters, with changes in the magnitude of poorly known parameters resulting in substantial changes to model predictions (Hallgren and Pitman, 2000) . Problems such as these limit knowledge, which, in turn, can lead to a resistance against calls for change because of the uncertainties involved (Bradshaw and Borchers, 2000; Matthews et al., 2001) . Consequently, managing uncertainty is recognized as a major challenge to research and development (Rotmans and Asselt, 2001) . This is particularly important as end-users and decision-makers often fail to appreciate uncertainty fully. Thus, even though the research community is generally sensitive to issues of uncertainty, important end-users, such as policy makers, typically underestimate uncertainty (ESRC Global Environmental Change Programme, 2000) and want clear unambiguous support from the scientific research community (May, 2001) . The GI science community, however, may not always provide such support, as uncertainty remains a major concern.
Although GI systems have been in use now for more than 30 years (Guesgen and Albrect, 2000) uncertainty has been a constant concern that has perhaps grown in importance in recent years. Two important sets of issues may be identified in the recent literature. First, simply that uncertainty is present and that there are methods that may be used to handle it within analyses. Secondly, that the GI science community varies enormously in its knowledge and skills in relation to uncertainty.
Recognizing the presence of uncertainty and dealing with it effectively would seem to be an obvious issue. Many GI systems are, however, relatively deterministic and so tend to underestimate if not disregard uncertainty (Greenland, 2001; Halls, 2001; Crosetto and Tarantola, 2001) . The way reality is represented in such systems disregards the imperfections that are intrinsic in geographical data (Duckham et al., 2001) . This is most unfortunate as conventional statistical analyses that are often used can founder in the presence of uncertainty, yielding erroneous and misleading outputs (ESRC Global Environmental Change Programme, 2000) . Unfortunately, uncertainty is ubiquitous and is inherent in geographical data (Fisher, 2000; Bennett, 2001) . Moreover, the inherent uncertainty may be compounded by actions such as rezoning datasets. Changes in administrative boundaries, for example, significantly handicap population studies, with incompatible zoning systems used over time (Martin, 2001) . This adds to problems in analysing datasets in which locational uncertainty may be large (Carmel et al., 2001; Dearwent et al., 2001) . Unfortunately, locational uncertainty is commonly noted as a major concern (e.g., Foody, 2002) . For example, in a study focused on address data in Sydney, Ratcliffe (2001) reports that the basic geocoding process resulted in >50% of addresses being given coordinates that lay within the parcel of a different property and that ~6% of addresses were allocated to the incorrect census tract.
The failure to recognize uncertainty, whatever its source, may lead to erroneous and misleading interpretations. Yet, to deal with uncertainty, a high level of awareness of uncertainty and methods to accommodate it is required (Goodchild, 2000) . Thus, while conventional scientific studies attempt to reduce uncertainty, and many recent studies have tried to accommodate it explicitly, uncertainty is often ignored. Depending on the nature of the uncertainty, a variety of approaches based upon probability assessments, fuzzy sets, rough sets, multivalued logic and supervaluation have been suggested as means to accommodate it (Goodchild, 2000; Wang, 2000; Martin-Clouaire et al., 2000; Bennett, 2001; Duckham et al., 2001) . Although this is an area of active research, some techniques are widely used in relation to uncertainty. Monte Carlo simulation has, for example, become a popular technique to study uncertainty propagation (Ellis et al., 2000; Dunn and Lilly, 2001; Damian et al., 2001; Heuvelink, 2002; Canters et al., 2002) although other approaches may sometimes be appropriate (Bachmann and Allgower, 2002) . In the assessment of uncertainty impacts, uncertainty analysis and sensitivity analysis have also been used widely to evaluate the uncertainties associated with model
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outputs that result from errors propagated from the input data and the model uncertainties (e.g., parameter settings, assumptions) and the relative importance of sources of uncertainty, respectively (Crosetto et al., 2000; Crosetto and Tarantola, 2001) . Such analyses yield information on uncertainty that may be used in a variety of ways. The information may, for example, help decision-makers select datasets on the basis of the fitness for a particular application (Crosetto and Tarantola, 2001; de Bruin et al., 2001 ). Knowledge of uncertainty will also provide an overall assessment of the quality of model outputs with the propagation of uncertainty helping to qualify predicted outcomes by providing information on the risk of assuming a particular scenario (Crosetto et al., 2000; Felguiras et al., 2001) . Unfortunately, however, not all aspects of uncertainty are sufficiently recognized. Commonly, researchers may overlook the intrinsic uncertainty of the issues or concepts under study (Bennett, 2001; Phillis and Andriantiatsaholiniaina, 2001; Canters et al., 2002) . Thus, while much work has addressed issues such as the quality and accuracy of data (ESRC Global Environmental Change Programme, 2000; Worboys, 2001; Foody, 2002) little has directly addressed the problem that objects in GI systems are often poorly defined (Fisher, 2000; Bennett, 2001 ). Additionally, fundamental spatial relations, such as nearness, are also vague concepts that are often not treated as such, yet are a component of any comprehensive ontology of space (Wang, 2000; Worboys, 2001 ). There are, therefore, further challenges associated with uncertainty for the GI science community to address.
The growing diversity of the GI science community also presents problems in relation to uncertainty. Initially, GI systems were the domain of a relatively specialist group of users. Technological advancement, however, means that today's GI systems are both considerably more sophisticated and easier to use than early systems. Specialists are, therefore, no longer always required to operate a GI system (Sui and Goodchild, 2001) . Indeed within the realm of information technology the variety of users is probably greatest with GI systems (Wang, 2000) . This situation has many positive qualities. This is perhaps most evident when GIS is thought of as primarily a means of communicating information or as media (Sui and Goodchild, 2001) . However, there are many negative features, particularly when uncertainty is present. As it is unlikely that the average user of a GI system will be inclined or able to develop relevant skills in handling uncertainty the problems of dealing with uncertainty will remain. This is particularly the case if the GI science community is segregating into two distinct groups, those that use standard tools relatively unquestioningly and those involved in research and development of techniques (Halls, 2001) . In this respect, it is, therefore, most unfortunate that the ease of use of many GI systems enables users with little knowledge or appreciation of uncertainty to derive polished, but flawed, outputs (Goodchild, 2000) . The development of 'error aware' GI systems that store information on the quality of the data stored within them may help reduce the problem by maintaining the required information for evaluation and analysis (Heuvelink, 2002) . Similarly, if a broad range of users are to be able to effectively and sensibly use GI systems a natural language interface to facilitate meaningful analysis may be required (Wang, 2000) . These are important developments as, without correct allowance for uncertainty, the use of sophisticated methods may obfuscate rather than clarify (Gupta, 2001) .
III Knowledge discovery and data mining
Knowledge discovery in databases is the process of identifying valid, novel and potentially useful patterns in data (Aldridge, 2001) . It has been an important component of GI science for some time but interest has risen recently, particularly as a result of increasing access to large datasets and through developments in information processing. An important step in the knowledge discovery process is data mining, which is focused on the extraction of patterns from data.
The extraction of useful knowledge from datasets has become increasingly significant, particularly as a result of increasing access to data over the Internet. Moreover, a vast amount of geographical data is now acquired routinely and often without prior hypothesis (Estivill-Castro and Lee, 2001) . Satellite remote sensing, for example, currently provides vast amounts of data on the environment that are difficult to analyse fully. Knowledge discovery and data mining are, therefore, becoming important issues in GI science. They offer, for instance, an inductive approach to modelling through evolutionary computation (Whigham and Recknagel, 2001 ) as well as a means to deal with what may otherwise be an overwhelming amount of data, helping to identify useful features such as clusters, relationships and regularities within the data (Carr et al., 2000; Zhou et al., 2000; Gluck, 2001) . Knowledge discovery techniques may be useful for exploratory data analysis and have been valuable in retrospective analyses, with studies mining previously collected, and often discarded, data ( e.g., Sherman, 2000; Sherman and Epstein, 2001) .
Recent work has addressed the use of data mining techniques for the reduction in the dimensionality of multicriterion spatial decision problems (Jankowski et al., 2001) , the discovery and forecasting of ecosystem responses to environmental change (Recknagel, 2001) , the study of urban crime (Murray and Shyy, 2000) , the dynamics of blue-green algae (Bobbin and Recknagle, 2001 ) and has included the incorporation of models of human cognition to aid the effective utilization of large geographic databases (Mennis et al., 2000) as well as technical developments in handling large datasets (Keim, 2000; Laha et al., 2000; Lin et al., 2000; Sheikholeslami et al., 2000; Aref and Ilyas, 2001 ). There are many methods of data mining that may be used with the selection based on the task in hand (e.g., Hinke et al., 2000) . While processes such as data mining are generally challenging and computationally intensive, especially if neighbourhood information is included (e.g., Cannetaro, 2000; Ester et al., 2000; Wang et al., 2000) , simple visual-based approaches may be used to usefully explore large spatial datasets (Macedo et al., 2000) . Irrespective of the method used, efficient methods of data mining are required as the rate of data acquisition often exceeds the analytical ability of humans and an intelligent assistant is required (Clementini et al., 2000; Estivill-Castro and Lee, 2001) . One problem often encountered is that data mining techniques typically do not explicitly handle the spatial nature of geographic data (Tang and McDonald, 2001) . Perhaps more importantly given the discussion above, the standard approaches to data mining do not account for the uncertainty that is inherent in spatial data (Clementini et al., 2000) .
IV Concluding remarks
Recent developments in GI science have, amongst other things, resulted in considerable expansion of geographical datasets, tools and the research and user communities. These exciting developments bring with them important challenges, not least the somewhat related issues of dealing with uncertainty and the extraction of useful knowledge. Currently there is a relatively high degree of awareness of issues such as uncertainty by the research community. However, increasing access to datasets from various sources and user-friendly GI systems can act to ensure that uncertainty and its impacts may be underestimated by some, particularly those outside the research community. It is, therefore, important that the value of dealing with uncertainty be recognized widely so that the extra effort that this requires is not seen as an unnecessary burden but something that may usefully enhance work. Further developments focused on methods to accommodate uncertainty and provide uncertainty-aware or intelligent systems, as well as of methods to extract useful knowledge from ever-expanding datasets are, however, still required.
